Multicolor fluorescence in situ hybridization (FISH) 
Introduction
cultivated barley (Hordeum vulgare L.) is one of the crop plants most widely used in cytogenetic studies because it is a diploid self-fertilizer with a low number (2n = 14) of relatively large chromosomes. The karyotype of this species has been subjected many times to experimental reconstruction and both theoretical and applied aspects of the rearrangement of barley chromosomes have been thoroughly discussed [for a more recent review see (32) ].
Among the numerous studies dealing with experimental manipulation of the barley karyotype a special interest are those aimed at improving the morphological distinction of the individual chromosome types of the complement (4, 5, 6, 14) . Most of the cytologically marked barley karyotypes synthesized so far have been mainly used for investigating the regional specificity of mutagenic agents and the influence of the repositioning of chromosome segments on this phenomenon (7, 16, 26) .
Structural mutants have been successfully used in the first attempts for physical localization of genes in barley (10, 12, 13) . Although the importance of the chromosomal rearrangements in mapping studies decreased significantly with the advent of molecular markers, the cytological marking of chromosomes may provide significant advantages in cytogenetic studies and breeding programs dealing with chromosome manipulations, when identification and selection of plants with specific karyotype constitution in a large segregating population should be done. Moreover, a new approach for physical gene mapping has been devised in plants, which is based on artificially reconstructed chromosomes. thus, Macas et al. (22) managed to localize seed protein genes of Vicia faba to microscopically defined chromosome segments by microisolation of reconstructed, morphologically distinct chromosomes and the use of their DNA as template for polymerase chain reaction (PCR) with sequence-specific primers. The same technique was used later in barley to integrate a great number of translocation breakpoints, as physical landmarks, into linkage restriction fragment length polymorphism (RFLP) maps of the seven chromosomes of this species (15) .
The successful application of the cytologically reconstructed karyotypes as model objects in various fields of cytogenetics and genetic engineering, including physical gene mapping, requires as precise as possible localization of the rearrangement breakpoints in these model systems. The purpose of this study was to identify the putative positions of the rearrangement breakpoints in a new improved karyotype with complete and distinct cytological marking of the chromosome complement, using FiSh with repetitive DnA sequences. the multiple reconstructed barley karyotype PK 88-19 and  the initial spring barley variety Freya (standard karyotype) were used as experimental materials in this study. PK 88-19 was selected (Gecheff, unpublished data) in the segregating progenies of a cross between reconstructed karyotypes PK-88 (6) and the structural mutant i-19 (8) .
Materials and Methods

Plant material
Cytological analyses
Giemsa N-banding of the somatic metaphase chromosomes was carried out as previously described (6) . the ideograms were constructed on the basis of averages obtained from measurements of at least ten chromosomes of each chromosome type and following the recommendations of Jensen and Lindelaursen (11), and Marthe and Künzel (23) : (i) total mitotic length of the genome is defined as "one GeNome"; (ii) the size of the chromosome arms is given in milliGeNomes (mGN), i.e. one-thousandth of the genome length; (iii) centromeres are given the position 0 (zero); (iv) the size and/or position of satellites, n-bands, in situ hybridization sites and rearrangement breakpoints are defined in mGNs from the zero positions. For designation of the chromosomes the system introduced by linde-laursen et al. (20) (1h -7h), which is based on the homeology of the barley and wheat chromosomes, was used.
FISH analysis (chromosome preparations, DNA probes and labeling, hybridization procedures) Mitotic chromosomes from actively growing root-tips were prepared on objective slides after pretreatment in ice-cold water for 24 h, followed by fixation in 1:3 acetic acidethanol. chromosome preparations were made according to lukaszewski et al. (21) and stored at 20 °c until use.
The following probes were used for FISH: (i) GAA satellite sequences amplified from the genomic DNA of barley (28) , labeled with biotin-11-dUTP by PCR (green signal); (ii) Afa family (25) , a subclone of the pAs1 tandem repetitive sequences originating from Aegilops squarrosa l. (29) , labeled with digoxigenin-16-dUTP by PCR (red signal); (iii) pta71 containing 9-kb Eco RI fragment of the 18S-5.8S-26S rDNA isolated from T. aestivum (9) , labeled simultaneously with 50 % digoxigenin-16-dUtP and 50 % biotin-11-dUtP by nick translation (yellow signal).
Slide pretreatment and denaturation of chromosome and probe DnA were carried out as previously described (24) . the hybridization mixture (30 μL per slide), containing deionized formamide at a volume fraction of 50 %, 20x SSC, 20 % (w/v) dextran sulphate, 10 % (w/v) SDS (sodium dodecyl sulphate) and the labeled probes, were denatured at 85 °C for 10 min, and stored on ice for 5 min. Chromosomal DNA was denatured in the presence of the hybridization mixture at 75 °C for 6 min and allowed to hybridize overnight at 37 °c in a moist chamber. Salmon sperm DNA was added for blocking.
After hybridization, slides were washed 3 times in 2× SSC for 5 min at 37 °C. Digoxigenin and biotin signals were detected by anti-digoxigenin-rhodamine Fab fragments (Roche Diagnostics GmbH) and streptavidin-fluorescein isothiocyanate (FITC) (Roche Diagnostics GmbH), respectively. chromosomes were counterstained with DAPi (4',6-diamidino-2-phenylindole), mounted with Vectashield antifade (Vector Laboratories, Burlingame, Calif.).
Hybridization signals were analyzed with a filter setoff Zeiss Filterset 01 for DAPI and Zeiss Filterset 24 for the FITC and rhodamine signals (Zeiss Axioscope 2 epifluorescence microscope). Photomicrographs were taken with a Spot ccD camera (Diagnostic instruments, inc., USA). For processing and analyzing the color pictures, Image Pro plus 5.1 software (Media cybernetics, USA) and computer application MicroMeasure version 3.2 (30) were used.
Results and Discussion
The standard karyotype Freya The accurate identification and designation of barley chromosomes became possible after the application of differential staining techniques (19, 31) . The Triticeae numbering system, which is based on the homeology of barley chromosomes with that of wheat, is commonly accepted now for designation of chromosomes in this species (20) . The published data on the morphology of the chromosomes and the distribution patterns of Giemsa bands vary widely, which can be primarily attributed to differences in cytological procedures applied for contraction of metaphase chromosomes, although variations resulting from genotype polymorphism cannot be ruled out. our results along this line proved to be most similar to those obtained in the studies of Marthe and Künzel (23), the differences being more visible for the data concerning the size and exact position of some N-bands.
The cytogenetic analysis of the barley genome significantly improved with the advent of the non-isotopic in situ hybridization techniques. A large number of DNA sequences, mostly repetitive ones, have been localized to barley chromosomes providing in this way valuable landmarks for the integration of genetic and physical maps of this species [for review see (32) ]. For the purpose of our study we selected for in situ hybridization three repetitive DnA sequences that are expected to produce cytological markers covering the entire length of the metaphase chromosomes of barley. The choice fell on GAA-rich genomic DNA clone, Afa family subclone pAs1 and 18S-5.8S-26S rDNA clone pTa71. Fig. 1A shows the chromosomal location of hybridization signals in a standard metaphase cell (var. Freya) after simultaneous FISH with these DnA probes.
The GAA-satellite sequence was first isolated by Dennis et al. (3) and has been classified as microsatellite DNA, which is typically organized in very long arrays in the heterochromatic regions of the chromosomes in higher eukaryotes. Pedersen et al. (28) revealed thirty-eight hybridization sites in the standard chromosome complement of barley (cv. Emir) after in situ hybridization with this sequence, their distribution pattern being very similar to that of Giemsa C-and N-banding. A total of 38 GAA-bands were also identified in the chromosomes of the standard barley variety Freya using approximately similar FISH procedures and the pattern of their distribution is given in Fig. 2A . It can be seen that the position of most of the hybridization sites coincides with the location of the respective n-bands (hatched bands in the ideogram). however, at least four minor GAA-bands localized distally on the long arms of chromosomes 2h, 3h (two bands) and 4h, another two bands with proximal location at the short arm of chromosome 5H and long arm of chromosome 7H, and one band localized in the satellite of chromosome 6H, were detected, which were never identified by Giemsa banding (see hatched double dots in the ideogram shown in Fig. 2A) .
The comparative analysis of the distribution patterns of GAA hybridization sites along the chromosomes of the standard karyotype Freya and that of cv. Emir (28) revealed some distinctions. A few minor signals observed in the short arms of chromosomes 2H and 4H of the latter were not detected in the respective chromosome segments of Freya, which can be probably attributed to the different sensitivity power of the FiSh techniques applied. the case, however, seems not to be the same with the occurrence of the hybridization sites in the terminal region of the long arm of chromosome 1H (cv. Emir) and subtelomeric region of the long arm of chromosome 6H (cv. Freya) where the distinctions in all probability are due to the genotype-specific peculiarities in the structural organization of the genomes of the two varieties.
The Afa-family repetitive sequence was first isolated from Aegilops squarrosa L. as a specific sequence for D-genome (29) but later its occurrence was also detected in barley and the related species Hordeum chilense (1, 2). The Afa-family repetitive sequences were isolated from barley (Hordeum vulgare l.), cloned as phvA14, and hybridized in vitro to the somatic metaphase chromosome of the same species by Tsujimoto et al. (33) . The distribution pattern of hybridization sites was found to be specific for the individual chromosomes of barley with predominant localization in telomeric and subtelomeric regions of the chromosomes, although a number of weak signals have been detected to occupy interstitial and proximal positions. Nearly the same pattern of distribution of hybridization sites was observed in our study, using pAs1 Afa family clone as a hybridization probe to standard karyotypes Freya (Figs. 1A and Fig. 2A ). There were very few insignificant distinctions; the double telomeric signal in the long arm of chromosome 3h in Betzes was detected as a single one at the same chromosome position in Freya, and similar discrepancies with the number of several faint hybridization signals visible as double dots at homologous sites of the sister chromatids were identified for the FISH profiles of chromosomes 6H and 7H.
The rDNA clone pTa71 of wheat was one of the first coding sequences localized by in situ hybridization (9) . When it was applied as a hybridization probe to barley chromosomes, two major sites of 18S-26S rRNA genes were found in the nucleolar organizer region of the two satellite chromosomes 5H and 6H, and another four minor rDNA loci were located in the short arms of chromosomes 1H, 2H, 4H and 7H (17, 27) . Most likely, these minor rDNA sites are of different size, judging by the fluorescent intesity of their signals -the strongest signal on chromosome 1h and the weakest one on chromosome 4h. the main reason to use this probe in the present study was that it is unique if rearrangement breakpoints occurring within the ribosomal DnA clusters are to be detected. no such kind of chromosomal rearrangements were established but we were able to identify another three minor rDNA sites located in the long arms of chromosomes 2H, 5H and 6H (Fig. 3) . the fluorescent intensity of these loci was found to be even weaker than that of the minor rDNA locus residing in the short arm of chromosome 4H, being probably on the verge of the sensitivity power of FISH applied, since they appeared only in a limited number (about 8 %) of the inspected metaphases. It should be noted that the minor rDNA site residing in the long arm of chromosome 2H shows quite different position from the 5S rDnA locus established by leitch and heslop-harrison (18) in the same chromosome arm.
The reconstructed karyotype PK 88-19 Fig. 4 shows a root tip metaphase cell of reconstructed karyotype PK 88-19 which is successively stained with carmine and n-banded with Giemsa. this approach was successfully applied to map the heterochromatic segments in barley karyotype, since the pericentromeric regions of nearly all chromosomes of this species were found to carry heavy n-bands making it impossible to localize precisely the position of the centromeres directly in Giemsa N-banded plates. As expected, the data concerning the distribution pattern of n-bands along the individual chromosomes, obtained in this study, completely confirmed our results from previous analogous investigations with the parental lines of PK 88-19 (6, 8) . What is interesting to see on this figure, however, is that the identity of each chromosome of the complement is readily apparent in a routinely stained preparation, thus having no need to use laborious, sophisticated techniques in barley cytogenetic studies. This was achieved by introduction of three reciprocal translocations and two pericentric inversions in the karyotype, by applying successive hybridization of suitable structural mutants from our collection and purposeful selection of individual plants with desired chromosome constitution in the segregating progenies.
All reciprocal interchanges that are introduced into the karyotype PK 88-19 were characterized with respect to the chromosomes involved in the interchanges, by application of translocation tester set analysis to the parental lines. The same materials were further subjected to karyotype analysis, including differential staining of chromosomes, to identify the position of the rearrangement breakpoints (8) . Because most of the Giemsa bands were found to reside in the pericentromeric regions of the chromosomes, a number of rearrangement breakpoints which were localized distally to any marker bands escaped precise detection by this technique. this problem was overcome to a great extent in the present study by using an appropriate combination of DNA probes for in situ hybridization to somatic metaphase chromosomes. The simultaneous application of these probes to the somatic chromosomes of reconstructed barley karyotype PK 88-19 (Fig. 1B) allowed us to obtain reliable cytological markers for more precise physical mapping of the rearrangement breakpoints.
Translocation 1H-5H. clear indications were obtained that the reconstructed chromosomes 1h 5h and 5h 1h have resulted from unequal reciprocal interchange between the long arms of chromosomes 1H and 5H (8) . The data obtained from FISH analysis in this study showed that the putative region of the exchange in chromosome 1H, 22 mGNs in length, is confined within two hybridization sites: GAA signal at position 29 and Afa family signal at position 51 ( Fig. 2A) . however, the comparative analysis of the FISH profiles of the reconstructed chromosomes 1h 5h and 5h 1h (Fig. 2B) enables to make more precise identification of the translocation breakpoints, reducing the size of this region to 16 mGNs. This conclusion was based on the new locality of the transferred GAA hybridization signal at position 55 in the long arm of chromosome 1H 5h which originally resides at position 60 in the long arm of the standard chromosome 5h.
Translocation 2H-7H. FISH analysis of the reconstructed chromosomes resulting from this interchange allowed to attain significantly higher precision in the location of the translocation breakpoints compared to our previous studies with the parental lines (6, 8) . The putative breakpoints of the interchange were found to occur within the regions, 6 mGNs in length, located distally to the GAA hybridization site positioned in the long arm of chromosome 2H at 14 mGNs from the centromere, and at the segment confined within outer borders of the Afa family bands localized terminally in the long arm of chromosome 7H, at positions 49 and 61, respectively ( Fig. 2A and Fig. 2B) .
Translocation 3H-4H. One of the translocation breakpoint of this interchange was found to occur within a very narrow segment in the short arm of chromosome 3H which is marked by two GAA bands located at positions 8 and 17. As a result, two neighboring heterochromatic segments have been transferred to the long arm of chromosome 4H, thus marking the position of the other translocation breakpoint in this chromosome ( Fig. 2A and Fig. 2B) . Inversion 6H. this inversion was produced by gammairradiation of dry seeds of translocation line T-1586 having all chromosome pairs easily distinguishable from each other and selected by means of karyogram analysis of the individual plants in M2. the inversion was introduced to the parental reconstructed karyotypes PK-88 using the "intercross" approach (6) . The precise physical mapping of the intrachange breakpoints was decisively facilitated because of the transfer of the distal pericentromeric GAA hybridization signal located at position 11 in the short (satellite) arm ( Fig. 2A) to the long arm at position 44 mGNs from the centromere (Fig. 2B) .
Inversion 4H
3H
. This inversion was transferred into the karyotype PK 88-19 from one of the parental lines, namely I-19, using the "intercross" procedure. It was produced by applying exactly the same approach as in the case of inversion 6H (8) . The presence of this pericentric intrachange in the karyotype PK 88-19 is of great importance, since it gives rise to a specific change in the morphology of translocation chromosome 4h 3h which otherwise could not be easily distinguished from chromosome 7H
2h . The precise identification of the inversion breakpoints was greatly facilitated because of the high density of the hybridization sites all along the carrier chromosome 4h 3h i (Fig. 1B and Fig. 2B) . the two inversion breakpoints were found to be located distally to the Afa family signals at positions 58 in the short arm and 38 in the long arm of chromosome 4h, respectively. thus, the inversion involves a large pericentromeric region, the whole originally belonging to chromosome 4h ( Fig. 2A and Fig. 2B) .
As far as the distribution pattern of the rearrangement breakpoints is concerned, it is noticeable that they all occurred in "interband" regions and no case of subdivision of the repetitive DnA clusters was revealed by FiSh analysis. thus, the data are in accordance with the earlier extensive studies with barley translocation lines, corroborating the hypothesis that the rearrangement breakpoints within heterochromatincontaining segments may prove to be more harmful for survival of the carrier cells than those induced in genetically active euchromatic regions [for review see (16) ]. 
Conclusions
PK 88-19 is a new, genetically stable line which is as vigorous and fertile as the initial variety Freya from which it comes from. No apparent alterations were also observed as far as its phenotype is concerned. this line seems to be a convenient model system for many cytogenetic studies dealing with chromosome manipulations and position effects in the behavior of genes in higher plants. Due to the clear morphological distinctions of the different chromosome types and the available detailed positions of their rearrangement breakpoints, PK 88-19 may offer an essential gain in the resolution power over other reconstructed karyotypes in studies devoted to the construction of the physical map of the barley genome.
